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INTRODUCTION 
The received signals from eddy current testing (ET) sensors are dependent on a large 
number of variables. These include conductivity, permeability, geometry, and defects in the 
material being tested, as well as sensor liftoff and orientation. In order to isolate the effects 
of anyone of these properties from the others, multiple inspection frequencies are often 
used. This paper describes novel adaptations of a standard technique for combining (mix-
ing) the data from multiple frequencies in order to isolate signals of interest. The adaptations 
were designed for the optimization of signal-to-noise ratio (SNR), where the "signal" is the 
information of interest and the "noise" is information from other system variables. For exam-
ple, for detecting cracks in the presence of geometrical changes, the "signal" is the crack 
information and the "noise" is the information from the geometrical changes. 
Currently used ET mixing techniques linearly combine the data from multiple fre-
quencies so that the noise signals are minimized. Since the goal is to detect signals above the 
noise, a more appropriate scheme is to combine the data to maximize the SNR. We previ-
ously reported [1] a technique for SNR maximization which will be briefly reviewed here. 
An extension to that technique, which further improves SNR by reducing the spatial fre-
quency difference that exists between the multiple inspection frequencies, will be described 
and demonstrated here. 
THEORY 
SNR Optimization 
Each frequency in a 2-D ET inspection produces a complex-valued image. The com-
plex images obtained from Nfinspection frequencies are referred to as ziCx,y) where 
j=l ... Nf. For mixing the data into a single real-valued image, the 2Nfcomponents of the Zj 
are combined linearly. These 2N component images are defined as 
f real [z ~' (x, y )] if i is odd 
fi(x,y) = Vmag [z+(x,y)] ifi is even 
Mixing is performed by combining the 2N component images using 
2Nf 
d(x,y) = Lcj;(x,y). 
j,,;:l 
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In traditional mixing, the coefficients Ci are chosen that minimize the noise in d(x,y). In [1], 
we showed results of selecting the coefficients Ci that maximize the SNR. The Ci are found 
by maximizing 
where S is the region containing the signal infonnation and N is fue region containing the 
noise. SNR improvements of up to 1100 percent with respe4:t to traditional mixing were 
demonstrated. 
Spatial Frequency Equalization 
(3) 
It is well known that increasing the inspection frequency of the ET exam increases 
the spatial resolution in the resulting image. This difference in resolution from different 
frequencies results in the incomplete elimination of noise signals in the simple linear mixing 
of Equation (2). A residual signal due to the spatial frequency difference will necessarily 
occur. By equalizing the spatial frequencies prior to mixing, the residual signal can be elim-
inated and SNR can be further increased. 
The spatial resolution equalization can be perfonned one of two different ways. The 
high-frequency (high-resolution) data can be blurred to match the resolution of the low-fre-
quency data, or the low-frequency data can be deblurred to match the resolution of the high-
frequency data The choice of equalization method is made based on a tradeoff between 
resolution and noise levels. Deblurring, which results in a higher resolution, is a high-pass 
operation and will emphasize high-frequency noise if it exists in the data. If the data contain 
a relatively large amount of high-frequency noise, low-pass blurring may be more appropri-
ate for resolution equalization. 
Though it has been shown [2] that the ET image formation process is nonlinear, a 
linear blurring/deblurring technique was employed for resolution equalization. The assump-
tion is made that the resolution differences between the Zj are equivalent to a linear Gaussian 
filtering operation. With this assumption, resolution equalization can be obtained by blurring 
or deblurring with Gaussian or inverse-Gaussian deconvolution kernels, respectively. While 
the linear Gaussian assumption is not exact according to theory, it performs well in practice 
and greatly simplifies the processing. 
Blurring to equalize the spatial resolutions is achieved by convolving the Zi with the 
Gaussian functions 
g(x,y,aj,bj ) = exp (-~ -;;) (4) 
before performing the mixing of Equation (2). The blurring is not perfonned on the Zj cor-
responding to the lowest inspection frequency, since this image has the lowest resolution. 
Images from all other frequencies are blurred to match the resolution of the lowest. The coef-
ficients aj and bj are the standard deviations of the Gaussian convolution kernel in the x and 
y directions, respectively. These parameters are selected such that the SNR after mixing is 
maximized. The maximization to determine aj and bj is perfonned in conjunction with the 
maximization to determine the mixing coefficients Cj. 
Deblurring to equalize the spatial resolutions is achieved by convolving the Zj with 
approximate inverse Gaussian kernels. An exact inverse Gaussian deconvolution is undesir-
able because of the high gain at high frequencies. The frequency response of the exact 
inverse is of the fonn exp(f2), where/is frequency. The large gain at high frequency makes 
the exact inverse very unstable, even under extremely low noise conditions. The Gaussian 
deblurring technique described in [3] was implemented. This technique approximates the 
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inverse Gaussian filter by subtracting a constant multiplier of tbe Laplacian of a Gaussian 
blurred version of tbe image. This results in a bandpass-filtering operation that approximates 
tbe inverse Gaussian at low frequencies and is attenuated at high frequencies. The reader is 
referred to [3] for details of tbe inverse filter. This deblurring kernel has three parameters 
(tbe constant multiplier and two standard deviations) that must be optimized to improve 
SNR. As in tbe blurring case, the maximization to determine the filter parameters is per-
formed in conjunction with the maximization to determine the mixing coefficients Ci. 
RESULTS 
This section shows results of both blurring and deblurring for spatial equalization. 
All results are from a 1-D scan taken at I and 30 kHz. Figure 1 shows a diagram of the 
scanned specimen. The specimen consists of a O.ll-inch-thick stainless steel plate over-
lapped on a 1-inch-tbick carbon steel plate. The stainless steel plate had a O.OS-inch-deep by 
1-inch-long notch cut into tbe backside. A 6.S-inch scan was taken over the length of the 
notch and across the hidden carbon steel edge. Figure 2 shows the normalized magnitude of 
the scans at 1 and 30 kHz. As expected, since tbe lower frequency penetrates deeper, the 
edge signal is more pronounced at 1 kHz. The higher resolution of the 30-kHz signal is 
obvious at tbe edge signal. 
Figure 3 shows the result of mixing the 1- and 30-kHz scans in order to maximize 
tbe SNR witb tbe notch being the signal and the edge being the noise. Figure 3(a) shows the 
result of SNR-optimized mixing without spatial resolution equalization. The SNR in this 
case was 47.2. The residual signal due to the resolution difference is evident at the location 
of the edge. Figure 3(b) shows the result of mixing witb blurring of the 30-kHz scan for 
resolution equalization. The SNR in this case is 123. The residual signal is greatly reduced 
in 
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Figure 1. Diagram of tbe specimen scanned at 1 and 30 kHz. The stainless steel plate was 
0.11 inch thick, and tbe carbon steel plate was 1 inch thick. The notch was on the backside 
of the stainless steel plate and was 0.05 inch deep by 1 inch long. The scan was along tbe 
lengtb of the notch. 
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Figure 2. Normalized magnitudes of tbe I-kHz (dashed line) and 30-kHz (solid line) scans. 
The higher resolution of tbe 30-kHz data is evident, especially at tbe edge signal location. 
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Figure 3. Mixing to maximize the SNR between the notch signal and the edge signal: (a) 
Without spatial equalization-SNR = 47.2; (b) 30-kHz data blurred to match the resolution of 
the I-kHz data-SNR = 123; (c) I-kHz data deblurred to match the resolution of the 30-kHz 
data-SNR = 62.1. 
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this case. Figure 3( c) shows the result of mixing with deblurring of the I-kHz data for 
resolution equalization. The SNR in this case was 62.1. The residual signal is reduced but 
not as well as in the deblurring case. 
Figure 4 shows the result of spatial frequency equalization via blurring prior to per-
forming the mixing. Figure 4(a) shows a detailed view of the normalized magnitude of the 
I-kHz signal in the region of the edge. Figure 4(b) shows the normalized magnitude of the 
30-kHz edge signal (dashed line) along with the blurred 30-kHz signal (solid line). As 
desired, the 30-kHz signal was blurred to the same resolution as the I-kHz signal. 
This example demonstrates the fact that the resolution of the mixed result will, in 
general, be higher for the deblurring equalization. This is not necessarily true, though, as 
the following example will show. 
Using the same data as above, the SNR is now maximized with the edge data as the 
signal and the notch data as the noise. Figure 5(a) shows the result of SNR-optimized mix-
ing without spatial resolution equalization. The residual signal is evident in the notch loca-
tion, and the SNR in this case is 48.1. Figure 5(b) shows the result of mixing with blurring 
of the 30-kHz scan for resolution equalization. The residual signal is almost eliminated, and 
the SNR in this case is 190.2. Figure 5(c) shows the result of mixing with deblurring ofthe 
2-kHz scan for resolution equalization. The residual signal is eliminated, and the SNR in 
this case is 230.5. 
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Figure 4. Comparison of the edge signal before and after resolution equalization: (a) Detail 
of the normalized magnitude of the I-kHz edge signal; (b) Detail of the normalized magni-
tude of the 30-kHz edge signal (dashed line) and the blurred 30-kHz edge signal (solid line). 
The blurred 30-kHz signal and the raw I-kHz signal have the same spatial resolution. 
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Figure 5. Mixing to maximize the SNR between the edge signal and the notch signal: (a) 
Without spatial equalization-SNR = 48.1; (b) 30-kHz data blurred to match the resolution of 
the I-kHz data-SNR = 190; (c) I-kHz data deblurred to match the resolution of the 30-kHz 
data-SNR = 231. 
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Figure 6. Mixing with deblurring of the I-kHz signal using an SNR definition based on the 
maximum amplitude of the signal and noise. Compared to Figure 5(c), the resulting edge 
signal has higher resolution. 
The resulting resolution is actually lower in the deblurred case in this example. This is true 
because the resolution difference between the notch signals at I and 30 kHz is small. 
Therefore, only a slight deblurring was necessary to match the resolutions of the notch. In 
the mixing result, the slightly deblurred i-kHz signal dominated in the edge signal and hence 
the lower resolution result. The SNR maximization actually favors the lower resolution 
result, since the SNR is measured using the area under the squared result (energy). A wide, 
low-frequency signal will have more energy and therefore be the favored result in the SNR 
maximization. 
The SNR can be defined differently than Equation (3) so that large amplitudes are 
favored over large energies in the maximization. If the SNR is defined as the ratio of the 
maximum absolute amplitude in the signal region divided by the maximum absolute ampli-
tude in the noise region, a different set of mixing coefficients will be obtained. The SNR in 
this case is written 
max 1",2Nf ( )1 
_ (x,y)es ~i:l cJ; X,Y 
SNR- 1 2N I' ~~~s Li:: cJ;(x,y) (6) 
Figure 6 shows the result of deblurring equalization and mixing using this definition 
of SNR to emphasize the edge region over the notch. The difference between this result and 
that of Figure 5c is the definition of the SNR. Notice that using the SNR defined in Equa-
tion (6), a sharper edge signal is obtained. Choosing the appropriate SNR definition will 
depend on the characteristics of the data. The SNR based on signal maxima is more sensi-
tive to impulsive noise in the data. Experience has shown that the SNR definition of Equa-
tion (3) produces the best results in most situations and that often both definitions produce 
very similar results. 
CONCLUSIONS 
A method for improving the SNR in multifrequency ET examinations was presented. 
The method is based on selecting optimal blurring or deblurring convolution kernels to be 
applied to the data prior to linear mixing. The data from high frequencies can be blurred to 
match the resolution of the data from the lowest frequency, or the data from the lower fre-
quencies can be deblurred to match the resolution of the data from the highest frequency. 
The tradeoffs between choosing to use blurring or deblurring were discussed. The spatially 
equalized data are mixed using a previously reported technique that maximizes SNR. SNR 
improvements of up to 480 percent were shown between mixing with and without spatial 
resolution equalization. 
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In an actual ET examination, the coefficients of the equalization kernel and the linear 
mixing coefficients are detennined in a calibration procedure, on a known specimen, prior to 
the examination. A similar calibration step is necessary in ET techniques that are commonly 
used in practice today. 
ACKNOWLEDGMENTS 
This work was funded by the Advisory Committee for Research (ACR) at Southwest 
Research Institute. 
REFERENCES 
1. K. A. Bartels and 1. L. Fisher, "Multifrequency Eddy Current Image Processing Tech-
niques for Nondestructive Evaluation," presented at the 1995 IEEE International Confer-
ence on Image Processing, October 23-26, 1995, Washington, DC, and published in the 
Conference Proceedings. 
2. R.E. Beissner, "Boundary Element Modeling in Eddy Current NDE: A Review," 
Electrosoft: Advances in Electrical Engineering Software, Vol. 2, No. 2/3, (1991). 
3. C. Lee, D. O. Wipf, A. 1. Bard, K. A. Bartels, and A. C. Bovik, "Scanning Electro-
chemical Microscopy. 11. Improvement of Image Resolution by Digital Processing 
Techniques," Analytic Chemistry, Vol. 63, No. 21, pp. 2442-2447, Nov. 1, 1991. 
400 
